Simian virus 40 (SV40) large T antigen (TAg), both free and bound to mature 70S and replicating 90S SV40 chromosomes, was prepared from lytically infected cells. The relative reactivity of the different TAg-containing fractions toward 10 monoclonal antibodies directed against three different regions in SV40 TAg and toward an antibody against the p53 protein was measured. The results for free TAg indicated that all of the determinants in both the amino-terminal (0.65 to 0.62 map units) and carboxy-terminal (0.28 to 0.17 map units) regions were highly reactive, whereas all five determinants located between 0.43 and 0.28 map units in the midregion of TAg were poorly reactive. For TAg bound to replicating chromosomes, all but one of the antibodies specific for TAg were highly reactive. Thus, antigenic sites in the middle of TAg, the region important for nucleotide binding and ATP hydrolysis (an activity required for viral DNA replication), were more accessible in TAg-replicating DNA complexes. As replicating molecules matured into 70S chromosomes, three or more determinants at different locations in TAg bound to chromatin became two-to fivefold less reactive, indicating other changes in TAg structure. Overall, at least nine different antigenic determinants in the TAg molecule were identified. Anti-p53 was reactive with about 10% of the free TAg and the same amount of SV40 chromosomes of all ages, suggesting that p53-TAg complexes are not preferentially associated with either replicating or mature viral chromosomes. When the reactivity of both mature and replicating labeled SV40 chromosomes with polyclonal tumor anti-T was measured as a function of time after purification, TAg bound to mature chromosomes appeared to dissociate about fourfold faster than that bound to replicating chromosomes. The relative amount of TAg in various subcellular fractions was measured by an -enzyme-linked immunosorbent assay. Approximately 1.3% of the total TAg was estimated to be associated with SV40 chromosomes in infected cells. Based on the relative amounts of TAg and viral DNA in the 70S and 90S fractions, replicating chromosome-TAg complexes were estimated to bind 4.8 times more TAg per DNA molecule, on the average, than mature chromosome-TAg complexes. Together, these results are consistent with major differences in TAg structure when free and associated with replicating and nonreplicating SV40 chromosomes.
DNA replication and transformation. TAg binds to three nucleotide sequences that include the SV40 origin of replication (ori) and the start sites for early gene transcription. The interaction of TAg at these sites results in not only initiation of viral DNA synthesis but also down-regulation of early viral RNA synthesis (for review, see reference 38) . The initiation and, in some cases, maintenance of murine cellular transformation has been demonstrated to require a functional TAg (4, 37) . A cellular tumor antigen, 53 kilodaltons in size, is expressed in high levels in SV40-transformed murine cells (18, 21) and is physically associated with SV40 TAg (15, 18, 21) .
The preparation of SV40 chromosomes of varied age that include theta-form replicating DNA (RI), termination intermediates, and recently replicated mature and older mature viral DNA molecules has been described previously (35, 36) . The fraction of each SV40 chromosomal DNA species associated with TAg has also been measured after immunoprecipitation with anti-T serum (35) . TAg was preferentially associated with early-replicating SV40 chromosomes, whereas most of the late-replicating molecules (more than 70% replicated and catenated dimers) had lost TAg.
Monoclonal antibodies, because of their specificity for single antigenic determinants or epitopes, are useful reagents for defining the solution conformation or accessibility (or both) of functional and structural domains in macromolecules (for review, see reference 22) . Several monoclonal antibodies specifically directed against SV40 tumor antigens have been isolated (15-17, 19, 23) . These have proven useful for characterizing the binding of SV40 TAg to viral DNA (25) (26) (27) 31) , identifying distinct subclasses of TAg (15) , and defining the association of TAg with the p53 protein (6, 15, 21, 28) . Viral DNA species associated with TAg during lytic infection have been analyzed by immunoprecipitation with hamster tumor serum (24, 29, 30, 32, 35) and a monoclonal anti-T (35) . Recently, the isolation and characterization of several new hybridoma lines synthesizing antibodies specific for three different antigenic regions of TAg have been described (16) . A linear map of the hybridoma anti-T binding sites in TAg has been compiled (10, 16) . Many of the monoclonal antibodies were unique based on their specificity for different regions of TAg and their cross-reactivity with the human papovavirus BKV TAg.
In this paper, the relative reactivity of different SV40 chromosome-TAg complexes, as well as that of free TAg, toward 10 different monoclonal antibodies directed against different regions in SV40 TAg (15, 16) (15), was also analyzed. We wished to measure differences in the reactivity of determinants in both free TAg and that bound to SV40 chromosomes which could be related to the functional state and age of the SV40 chromosome complex. We were also interested in whether p53 was associated with TAg bound to either replicating or mature chromosomes in lytically infected cells. To confirm that any observed differences in reactivity were due to changes in the structure of TAg, rather than a result of the conditions of the immunoassay used, two different immunoassays were used to analyze the relative reactivity of TAg bound to different chromosome fractions. These were (i) the standard immunoprecipitation assay with fixed Staphylococcus aureus with and without a second antibody and (ii) adsorption of anti-T-TAg complexes to a second antibody immobilized onto microtiter wells. Both assays measured the amount of labeled chromosomal DNA associated with TAg; one was protein A dependent, whereas the other was not. Based on the relative reactivities of these monoclonal antibodies, several were chosen to compare the relative stability of TAg binding to replicating and mature chromosomes. In addition, the relative amounts of free and chromatin-bound TAg in various subcellular fractions was analyzed by an enzyme-linked immunoadsorbent assay (ELISA). This assay allows sensitive and accurate estimates of antigen concentration and thus can directly measure the amount of TAg in a sample whether it is free or chromatin bound.
MATERIALS AND METHODS
Cells and virus. CV1 cells and SV40 strain wt800 viral stocks were grown as previously described (35, 36 (35) .
Radioimmunoassays (RIAs). Hybridoma supernatants PAbs 100 through 109 were prepared as described previously (15, 16) . All were reactive with large TAg. Hybridoma supernatant PAb 122, specific for the p53 protein, was also prepared as described previously (15 were incubated for 2 to 4 h at 4°C. After one wash with BSA-PBS and three washes with PBS, the bottom half of each well was cut off and counted in Aquasol; no effect of the position of the well as it was counted was observed. Counting efficiencies of labeled samples adsorbed to plastic wells were 85 to 90% of samples counted directly in scintillation solution.
Quantification of TAg by ELISA. The ELISA has been used to determine the stoichiometry of SV40 TAg complexed with p53 protein in SV40-transformed cells (13) . A similar method was used here to directly measure the relative amount of TAg in different subcellular fractions. Various amounts of TAg-containing fractions ( Fig. 1) , including cytosols, nuclear extracts, nuclei after extraction of viral chromosomes and free TAg, and 70S mature and 90S replicating chromatin fractions, were adsorbed to polystyrene microtiter plates (96 well; Nunc) and incubated overnight in HBE buffer (pH 8.0) at 4°C. The final volume was always 150 ,ul. After one wash with BSA-PBS and three washes with PBS, a fixed amount of monoclonal anti-T (50 ,ul was usually optimum) made to 150 RI with HBE buffer was added to the TAg-coated plates, and the reactions were incubated for 4 h at 4°C. Four different antibodies, PAbs 101, 102, 106, and 108, reactive in the two RIAs above and in this assay, were analyzed. After one wash with BSA-PBS and three washes with PBS, 150 pl1 of alkaline phosphataseconjugated RAM (Sigma), diluted 1:1,000 in BSA-PBS, was added per well for 30 min at 37°C. After five washes with PBS, 150 RI ofp-nitrophenyl phosphate (Sigma 104 phosphatase substrate) at 1 mg/ml in 1 M diethanolamine (pH 9.6)-0.5 mM MgCl2 was added, and the reaction was developed for 30 min or longer in the dark at room temperature. The reaction was stopped by adding 50 pl1 of 2 M NaOH. The absorbance at 410 nm was measured with a Titertek ELISA reader. Control values (NS1 and Gll media) were subtracted. The maximum amount of each TAg fraction that could be adsorbed, as measured by no further increase in the rate of substrate consumption, was determined for each of the antibodies, and the results were averaged. Saturation per well for the cytosol, nuclear extract, and 70S and 90S gradient-purified chromatin fractions was 5, 10, 50, and 100 p1, respectively. The optimum amount of hybridoma anti-T necessary to maximally react with 50 pl1 of 70S chromatin was essentially identical on comparing the results of this assay with that of the two RIAs. Labeled chromosomes adsorbed to uncoated wells in proportion to the amount of label added until saturation was reached.
Quantification of specific antibody by ELISA. The relative amounts of specific mouse IgG in each of the hybridoma supernatants were measured by ELISA. Fixed amounts (25 ,u) of monoclonal anti-T and control media were adsorbed to microtiter plates and assayed after the addition of enzymeconjugated second antibody and substrate as described above. Based on the absorbance at 410 nm and the known amounts of specific murine IgG in the NS1 (none) and Gll (50 pLg/ml) media, the amount of specific anti-T IgG in each supernatant was calculated. All contained between 5 and 25 e Labeled SV40 chromosome fraction (RTOT is the 5-min-labeled 90S peak; ME is the 60-min-labeled 70S peak) analyzed in specific IgG were present in each of the antibody preparations used in these studies. RESULTS Relative reactivity of 11 monoclonal antibodies with free TAg in cytosols. We have used 10 monoclonal antibodies specific for SV40 TAg, designated PAbs 100 through 109, and the anti-p53 monoclonal antibody PAb 122 to study TAg bound to viral chromosomes during lytic infection. The location of the recognition sites in TAg for these antibodies has been previously determined by using adenovirus-SV40 hybrid viruses, which synthesize shortened forms of the TAg molecule, and both TAg and small t-antigen species (10, 16 min, 30 to 120 min, and 12 h to radiolabel viral chromosomes of different ages as previously described (35, 36) . Nuclear extracts from infected cells were then fractionated into mature 70S and replicating 90S viral chromosomes (Fig. 1) . Figure 3 shows a typical sucrose gradient sedimentation profile. For the 5-min-labeled sample (Fig. 3A) , most of the radioactivity sedimented with the 90S peak rather than with the slower-sedimenting 70S pool. In contrast, with longer labeling times, most (30 min , Fig. 3B ) or all (12 h, Fig. 3C ) of the radioactivity is associated with the 70S mature chromosomal DNA peak.
In subsequent experiments, we used three labeled fractions from such sucrose gradients. The first was the 5-min-labeled 90S peak or RTOT. The TAg-containing labeled chromosomal DNA species in this fraction (accounting for 40 to 60% of the label) are predominantly replicating DNA molecules elongated from 5 to 90% (35) . The second fraction, ME, was the 70S peak from cells labeled for 30 to The pellets were washed three times with NET-NP-40-sucrose buffer (centrifuging for 30 s in a Brinkman microfuge), suspended in SDS sample buffer, and boiled, and the solubilized proteins were electrophoresed on SDS gels as previously described (34) . Gels were stained with Coomassie blue, destained, dried, and photographed. Lanes 12 through 15 were from a separate experiment. (B) Reactions were performed similarly, except 20 ,ug of RAM (Cappel Laboratories) was added to those reactions containing IgGl antibodies. Protein A-Sepharose was added for 4 h in ice. Molecular weight standards (S) included the following: myosin, 200,000; ,B-galactosidase, 116,000; phosphorylase B, 97,400; BSA, 67,000; and ovalbumin, 45,000. Photographic negatives were scanned, and the relative TAg peak heights were determined for each lane after subtraction of the NS1 control.
10% of the label) consist primarily of young mature viral chromosomes that have recently replicated (35) . The last fraction, ML, was the 70S peak from cells labeled for 12 h. The TAg-containing DNA in this fraction (accounting for 8% of the label) consisted of old uniformly labeled mature viral DNA (35) . In this way, we obtained SV40 chromosome-TAg complexes of various ages to react with antibodies recognizing different regions in TAg.
Immunoprecipitation of labeled SV40 chromosomes with monoclonal anti-T and fixed S. aureus: protein A-dependent RIA. The relative reactivity of 10 monoclonal anti-Ts (PAbs 100 through 109) and the anti-p53 (PAb 122) hybridoma supernatants with labeled SV40 replicating 90S and mature 70S chromosome fractions was measured as described in Materials and Methods. Each of the labeled SV40 70S and 90S chromosome fractions was immunoprecipitated with increasing amounts of the monoclonal antibody and a fixed amount of S. aureus. A second antibody, RAM, was added to reactions containing IgGl subclass monoclonal antibodies. Polyclonal hamster tumor serum was used for compar- ison. Some of the antibodies were slightly more reactive with viral chromosomes than tumor serum, precipitating up to 20% more of the labeled DNA.
The results from adding increasing amounts of six of the monoclonal antibodies to two different viral chromosome fractions are shown in Fig. 4 (5-min pulse-labeled 90S chromosome fraction in Fig. 4A , 60-min pulse-labeled 70S chromosomes in Fig. 4B ). For both of these chromosome fractions, saturation was reached for all of the antibodies with about 40% of the 5-min label and 7% of the long label maximally precipitable. This agrees with previously reported values for these chromosome fractions (35) . The results for 30-min compared with 60-min pulse-labeled mature DNA samples were very similar. Mature 70S chromosomes labeled for 12 h were also analyzed in this way (data not shown). Note that with increasing labeling time (compare Fig. 4B with 4A) , the amount of labeled chromosomal DNA reactive with tumor serum decreased, consistent with loss of TAg from replicating chromosomes after initiation (30, 35) .
The results (maximum reactivity for each labeling time) In preliminary experiments, the linearity of the response for various TAg-chromatin concentrations was tested. Up to 2 ,ug of mature chromosomal DNA per well was added (8% of this fraction is bound to TAg). With increasing amounts of chromatin but a fixed amount of anti-T, saturation was reached (i.e., the amount of labeled chromatin bound to the well did not increase with the addition of more chromatin). Concentrations were chosen so that the amount of labeled chromosomal DNA bound to the RAM-coated well was proportional to the amount of chromatin added, indicating that the amounts of bound RAM and added anti-T were in excess. Adding more anti-T had no effect. Therefore, when a fixed amount of chromatin within this linear range is used, differences in the amount of bound chromatin comparing each antibody should be due to differences in reactivity of the antibody with TAg complexed to the labeled DNA. The results are shown for various amounts of 5-min-labeled 90S chromosomes reacted with several of the monoclonal PAbs (Fig. 6) . Each coated well adsorbed about the same amount of labeled chromosome-TAg complex as when similar amounts of the same labeled sample and anti-T were immunoprecipitated with fixed S. aureus. Thus, this immunoadsorption assay appears to be as efficient as the protein A-dependent assay under these conditions.
The results with fixed amounts of replicating and mature chromosomes labeled up to 12 h and saturating amounts of each monoclonal antibody are shown in Fig. 7 . The reactivity of each antibody was normalized with respect to PAb 106, because it was one of three antibodies (the others were PAbs 108 and 104) consistently reactive with chromosomes of all ages when compared with tumor serum in the protein A-dependent assay. Furthermore, PAb 106 was consistently one of the most reactive of the monoclonal antibodies in both the RIAs and the ELISA (see below). In this assay, similar to the protein A-dependent assay, most of the antibodies were highly reactive with replicating chromosomes. Again, the poorest-reacting antibodies were PAbs 100 and 122. With increasing labeling time, several of the antibodies became significantly less reactive with viral chromosomes compared with PAb 106; these were PAbs 101, 102, 107, and 109. This was especially apparent for very long times (12 h) for PAb 101, where a fivefold decrease was observed with increasing age of the viral chromosomes. In contrast, other antibodies (PAbs 104, 105, 106, and 108) had the same relative reactivity with older, long-labeled mature chromosomes as with short-labeled replicating chromosomes. These results are similar to those described above, with the exception that PAb 107 here was less reactive with chromosomes of increasing age. Quantitatively, PAb 109 was more reactive (about 1.5-fold), whereas PAb 104 was about 2.5-fold less reactive, with total RI in this assay compared with immunoprecipitation with PAb 106; PAbs 105 and 103 were also both slightly less reactive in this assay.
Dissociation time for TAg bound to mature and replicating chromosomes. SV40-infected CV1 cells were labeled in vivo for either 5 min or 2 h with [3H]thymidine to label replicating or mature viral chromosomes, respectively. Nuclear extracts were fractionated into 70S mature and 90S replicating SV40 chromosomes on sucrose gradients, removing free TAg, which sediments at 5S to 25S (not bound to chromosomes and present in nuclear extract). The chromosomal DNA concentration in the 70S and 90S fractions was diluted 7 . Relative reactivity of SV40 chromosomes of various ages with monoclonal antibodies in a PVC-dependent RIA. Both 70S and 90S chromosomes labeled with thymidine for various times in vivo were prepared as described in the legend to Fig. 5 . A fixed volume (50 ,ul) of each chromosome fraction was reacted with saturating amounts (usually 50 ,u) of each monoclonal antibody in a RAM-coated well. The amount of radiolabeled DNA in each chromosome fraction bound to anti-T was determined and normalized with respect to the value measured for PAb 106 (1.0). Peaks: RTOT, 5-min-labeled 90S; ME,, 30-min-labeled 70S, ME2, 60-or 120-min-labeled 70S; and ML 12-h-labeled 70S. In one experiment with PAb 106, RTOT input was 2,500 cpm, and 986 cpm was specifically adsorbed, giving a reactivity of 39%; ME2 input was 4,950 cpm, and 247 cpm was specifically adsorbed, giving a reactivity of 5%. Data shown are averages of three to six experiments. See the legend to Fig. 5 for antibody symbol key.
shown in Fig. 8 . The same results were observed with all three antibody preparations and with both RIAs. The rate of loss of TAg reactivity was about fourfold slower for shortlabeled 90S replicating chromosomes than for long-labeled 70S mature molecules at early times after purification (less than 4 days) under these conditions. Thus, TAg bound to mature chromosomes is significantly different from that bound to replicating chromosomes. Since polyclonal anti-T was used, this result indicates that TAg dissociates more quickly from mature than from replicating chromosomes. The curve for the mature chromosome-TAg complexes appeared biphasic. Replicating chromosomes may give a similar dissociation pattern if analyzed after longer times, but other changes may be occurring. About half of the TAg appeared to be lost from mature chromosomes after about 24 h at O°C. Thus, care must be taken when analyzing gradientpurified mature chromosome preparations to ensure that significant dissociation of bound TAg has not already occurred.
Relative TAg content in subcellular fractions from infected cells. We measured the amount of TAg in each subcellular fraction obtained from infected monkey kidney cells (Fig. 1) by using an ELISA. Because the preferred reactive form of the adsorbed TAg complexes (free or chromatin bound) might vary with a given anti-T, four monoclonal antibodies, PAbs 101, 102, 106, and 108, were used. These antibodies recognize different regions of TAg; PAb 108 and 106 are not sensitive to whether TAg is chromatin bound or free. The TAg fractions were used to coat microtiter plates at a range of concentrations and exposed to a saturating amount of each of the four antibodies. The minimum volume of each fraction (cytosol, nuclear extract, nuclear pellet, and mature and replicating viral chromosomes) needed to obtain a maximum response in the ELISA was determined. The proportion that this volume represented of each cellular fraction was calculated and used to determine the relative amount of TAg in each fraction as a percentage of the total TAg in the cells. The results of reacting four different antibodies with each cell fraction were averaged together; four separate cell preparations were analyzed. Thus, a total of 16 data points were generated for each TAg fraction. Each of the four antibodies gave similar results.
There was about five times more TAg in the cytosol fraction compared with the nuclear extract fraction from infected cells. Similar results were obtained when the amounts of TAg in cytosol and nuclear extracts were quantified by immunoprecipitation with tumor serum followed by SDS-gel electrophoresis and comparison of stained TAg bands (data not shown). The cells appeared to contain about 60-+ 10-fold more free TAg than TAg bound to total viral chromosomes. PAb 100 recognizes a determinant in region III of TAg (10) and is sensitive to a mutation at residue 153 (27) , although this amino acid lies outside the region III coordinates. PAb 100 has been reported to react preferentially with TAg bound to SV40 DNA in vitro but not with free TAg (31) . Here, PAb 100 was poorly reactive toward all TAg fractions, including free forms and that bound to SV40 chromosomes of all ages.
When free TAg in cell extracts was immunoprecipitated with PAb 122 (specific for p53), about 10% of the total TAg M was reactive and thus appeared to be complexed with p53. (16) . This region contains the nucleotide binding site(s) (3, 9) and an ATPase-active site (7, 8 (20) . Stepwise binding to DNA of TAg monomers which then interact with each other was proposed rather than binding of preformed dimers or tetramers of TAg to DNA. Regardless of the mechanism by which TAg binds and initiates viral DNA synthesis, our results clearly indicate that there are major structural differences in the three forms of TAg (free, replicating chromatin-bound, and mature chromatin-bound TAg) analyzed here.
